Introduction Progression of intervertebral disc (IVD) herniation does not occur exclusively in a linear manner through the anulus fibrosus (AF), but can migrate circumferentially due to localized AF delamination. Consequently, resistance to delamination is an important factor in determining risk of herniation progression. The inter-lamellar matrix located between the AF layers is responsible for resisting this delamination; however, its mechanical properties are largely unknown. This study aimed to determine the mechanical properties of the inter-lamellar matrix in human AF samples via a peel test. Materials and methods Seventeen human IVDs (degeneration grades of 2-3) were obtained from six lumbar spines. From these 17 discs, 53 tissue samples were obtained from the superficial and deep regions of the anterior and posterior AF. Samples were dissected into a 'T' configuration to facilitate a T-peel test (or 180-degree peel test) by initiating delamination between the two middle AF layers.
Introduction
The intervertebral disc (IVD) is a uniquely designed structure capable of supporting load while allowing flexibility of the spine. Of particular interest in the IVD is the multi-layered, collagenous ringed-structure, the anulus fibrosus (AF), which surrounds the proteoglycan-rich, more gelatinous nucleus pulposus (NP). The AF is responsible for constraining the NP within the boundaries of the IVD. The inner layers of the AF contain a large proportion of round chondrocyte-like cells that synthesize primarily type II collagen, and the outer layers of the AF contain elongated fibroblast-like cells that synthesize primarily type I collagen fibers [1] [2] [3] [4] . In addition to differing collagen fiber types, previous studies have also documented variations in stiffness [5, 6] and strength [7] as a consequence of these location differences (inner versus outer layers) as well as a result of varying strain rate [8] . However, repetitive stress and strain on the IVD can result in failure of the AF, often resulting in delamination of the layers. Further, in the healthy AF, the layers are well adhered to one another to create a ply-like structure. This adhesion is provided by the inter-lamellar matrix. This matrix provides strength and resistance to delamination and is comprised of various proteins including type VI collagen [9, 10] , proteoglycans [11] , and elastin [12] . This is of great importance as it has been suggested that delamination of the AF is a possible precursor to IVD herniation [13] ; a common and often debilitating injury to the IVD. Further, delamination can occur as a result of mechanical stimulus such as spinal twisting [14] or as a result of degeneration and hydration loss which naturally occur with age [15, 16] . Given that delamination is a common mode of AF failure, which can lead to the progression of IVD herniation, it is important to have a good understanding of the mechanical properties of the adhesive matrix between the AF layers.
Material fracture is characterized by local separation or crack progression in a material as a result of excessive stress [17, 18] . The fracture properties of a material can be determined via three different modes of crack propagation (Fig. 1a-c) . Mode I crack propagation, also referred to as the opening mode, occurs when tensile stress is applied normal to the plane of the crack progression. Mode II, also referred to as the sliding shear mode, occurs when tensile stress is applied in opposing directions parallel to the plane of the crack, but perpendicular to the crack front. Mode III, also referred to as tear or twist shear mode, occurs when tensile stress is applied in opposing directions both parallel to the plane of the crack as well as the crack front. These three modes, even in isotropic elastic material, can yield different fracture properties as they reflect distinct ways in which the microstructure of a material resists failure [18] . Therefore, it is important to identify the fracture properties during a mode of failure that is akin to how the material is loaded in real life scenarios.
Given that the anulus is a soft laminate tissue, an appropriate test for determining the mechanical properties of the inter-lamellar matrix is the peel test. The peel test can be performed in many configurations (Fig. 1d-f ). Each configuration has its advantages depending on the materials tested. The 90-degree, 180-degree and climbing drum are all useful when one of the materials is solid (for example bone). However, if both materials that are adhered together are soft, such as the case when two anular layers are adhered together by the inter-lamellar matrix, the T-peel test (also called the 180-degree test) is most appropriate [19] .
Peel tests have been extensively used in material engineering, as well as in various biological applications such as wound dressings [recently [20] [21] [22] , dental prostheses adhesion [recently [23] [24] [25] , and biological tissue adhesion (fetal membrane adhesion [26] ; cartilage [27, 28] ; and tissue repair adhesion [29, 30] ). Generally, peel adhesion strength is expressed in the units N/mm, which is the force (N) required to peel the two materials apart normalized by the width (mm) of the adhesive surface. By expressing the peel strength in this manner, the amount of material adhered together is accounted for, as a material with relatively larger width would require relatively more force to separate. In the previously mentioned studies, peel strength, when documented, ranged in the order of \1 N/mm up to almost 10 N/mm. Adhesive strength can also be expressed in the units J/m 2 , which are the same units as fracture energy, the energy required to propagate fracture (or peeling apart in the case of a peel test) for a given area of adhesion. However, fracture energy is a relatively difficult property to determine accurately due to energy dissipation other than due to fracture; therefore, peel strength can be used as a practical measure. This paper examines the use of a T-peel test for determining the mechanical behavior of the inter-lamellar matrix of the AF. The purpose of the paper is twofold: (1) To examine regional differences in the properties of the AF inter-lamellar matrix (anterior, posterior, superficial, deep) obtained from human lumbar IVDs; (2) to determine if displacement rate alters the mechanical properties of the inter-lamellar matrix.
Methods
Six human lumbar spines (mean age 58.2 ± 4.0 years) were obtained a maximum of 2 days post-mortem from an organ bank. Lumbar spines were frozen at -20°C until used for mechanical testing. Each lumbar spine was allowed to come to room temperature and then subsequently MR imaged (3 T on GE Signa HDx, fast spin echo, no fat suppression, TR = 2,000 ms, TE = 70 ms, FOV = 18-20 cm, matrix = 320 9 256). Magnetic resonance images were used to grade the level of degeneration of each IVD [31] . Three independent individuals (two orthopedic researchers and one radiologic researcher) graded the IVDs. Only IVDs that were graded as two or three (with agreement across the three graders) of a maximum grade of five were used in the current study.
Tissue dissection
Thawed lumbar spines were cut transversely through the vertebral body into individual spinal units (intact IVD). Spinal units were obtained from the following vertebral levels: T12/L1, L1/2, L2/3, L3/4, L4/5, and L5/S1. For each vertebral level, 2-3 IVDs were obtained from different donors yielding a total of 17 IVDs. IVDs were carefully dissected from the endplates to ensure no cartilage remained on the dissected disc.
Each disc was further dissected into four tissue samples from the anterior and posterior regions of the disc, yielding a maximum of four tissue samples from each disc. In certain cases, obtaining a viable tissue sample from all four regions was not possible. Specifically, a maximum of 68 tissue samples was possible from the 17 IVDs (17 IVDs multiplied by four tissue samples); however, only 53 viable tissue samples were obtained: 28 from the anterior region (of which 15 were obtained from the superficial layers and 13 from the deep layers) and 25 from the posterior region (of which 15 were obtained from the superficial layers and ten from the deep layers) (Fig. 2a) . Each tissue sample contained approximately eight adjacent AF lamellae and had the approximate dimensions of 5 mm in width and 30 mm in length.
Delamination was initiated in each tissue sample by peeling apart the two adjacent lamellae in the approximate middle of the tissue sample (Fig. 2b, c) . This delamination created a ''T'' shaped tissue sample. This configuration facilitated a T-or (180-degree) peel test similar to those used to determine the mechanical properties of adhesive materials. Dissected ''T'' samples were soaked in 10 % PBS for a maximum of 1 h prior to mechanical testing. Preliminary testing of tissue samples was conducted prior to and following PBS soaking with negligible differences in test data (tests conducted on the same tissue sample).
Mechanical testing
Tissue samples were clamped (pneumatic side action grips, 2712-041, Instron, Norwood, MA, USA) in a material testing apparatus (5565A, Instron) to facilitate a T-peel test. Tension was applied until tissues were taut, but care was taken to ensure delamination had not progressed at this point. Delamination subsequently progressed by displacing the clamps (Fig. 3a) at a rate of 0.5 and 5.0 mm/sec. These particular values were chosen to represent physiologically slow and fast, or traumatic, delamination of the anulus. Each tissue sample was tested at both displacement rates in which the order presented was randomized.
Generally, during a peel test of an adhesive material, the force-displacement curve displays increasing force with increasing displacement, followed by a ''levelling off'' or plateau in force as displacement continues to increase (Fig. 3b) . A region of increasing force reflects increasing load and stress within the sample, whereas the plateau region reflects steady peeling or separation of the two materials. The parameters describing these phenomena were (1) slope of linear region of the curve (stiffness, units (N/mm)/mm or N/mm 2 ); (2) peel strength (peel stress, force averaged over the plateau region, normalized to tissue sample width, units N/mm) (Figs. 2c and 3b) . Stiffness is expressed in units of N/mm 2 because it is calculated as the slope of the stress (N/mm)-displacement (mm) curve.
Statistics
Peel stiffness and peel strength were compared statistically using a 3-way repeated measures ANOVA with the following factors: location (anterior versus posterior); depth (superficial versus deep); and rate (0.5 versus 5.0 mm/s). Statistical significance was set at p \ 0.05. Tukey's post-hoc tests were used to examine any significant findings. Fig. 3 a Tissues were clamped at the tabs and tested in the T-peel test configuration at both 0.5 and 5.0 mm/sec displacement rates. The four images (i, ii, iii, iv) show progression of the peel test until complete separation of the tissue (iv); b example of the generic shape of a peel test stress-displacement curve. Peel stress is determined by normalising the force measured by the width of the tissue sample. Note the plateau in stress (referred to as peel strength); at this stage the tissue is peeling (corresponding to frames a (ii) and a (iii)). When the tissue has completed separating (frame a (iv)), the stress would drop to zero. Examples of where each image (i-iv) could fall on the curve are indicated by black dots. The variables of interest from this curve were peel stiffness (slope of linear increasing curve) and peel strength (average over plateau region)
Results
The stress-displacement curve for the peel tests showed the expected increase in peel stress with increasing displacement followed by a plateau in the peel stress (referred to as peel strength; Fig. 4 ). This plateau confirmed delamination, or peeling, between the lamellae.
Effect of depth and location
Tissues obtained from the superficial region of the AF exhibited a higher peel strength as compared with samples obtained from the deep region (p = 0.047). Specifically, peel strength was approximately 33 % greater in the superficial region (Fig. 5a) . No significant difference in peel stiffness was observed between the superficial and deep tissue samples (p = 0.272) (Fig. 5b) .
In terms of tissue location (anterior versus posterior), no significant differences were observed in the peel strength values (p = 0.909; Fig. 5a ), or the stiffness values (p = 0.102) (Fig. 5b) .
Effect of displacement rate
Two displacement rates were examined, 0.5 and 5.0 mm/s. No significant differences were observed between these rates for both peel strength (p = 0.903) and peel stiffness (p = 0.543) (Fig. 5a, b) .
Interactions
No significant 2-or 3-way interactions were observed for peel strength (p values ranged from 0.055 to 0.660) or peel stiffness (p values ranged from 0.409 to 0.737). The p value of 0.055 for peel strength was observed for the interaction between location and depth such that the significant difference between the peel strength values in the superficial region versus deep region was more pronounced in the anterior AF as compared with the posterior AF.
Discussion
The AF of the IVD is a unique structure with multiple collagenous layers adhered together to allow for both strength and flexibility, while simultaneously assisting in maintaining the NP within the boundaries of the AF. This study examined the mechanical properties of the adhesive matrix between the layers of the AF, termed the interlamellar matrix, obtained from human lumbar IVDs using a T-peel test. The most notable finding was significantly greater peel strength in the superficial AF as compared with the deep AF. Specifically, the inter-lamellar matrix in the superficial region was found to be 33 % stronger than the matrix in the deep region. Previous studies have examined IVD regional variations in the mechanical properties of the AF. Superficial layers of the AF tend to be stiffer [5, 6] and have higher tensile failure strength [7] when compared with deep layers. Further, the shear modulus of the anulus is higher in the superficial region as compared with the deep region [32] . Therefore, based on these previous studies it is not surprising that the current study also observed mechanical differences in the inter-lamellar matrix as a function of depth. The inter-lamellar matrix is a particularly important structure in the AF because, similar to other composite materials, the AF is stronger as a result of the adhesion of adjacent lamellae, when compared with the strength of individual lamellae in isolation [10, 11, 33] . One potential source of this increased peel strength in the outer layers is interaction between the lamellae. Specifically the presence of trans-lamellar bridges [9, 10, 34, 35] may provide resistance against delamination in the outer AF. Melrose et al. [9] noted greater bridging in the mid to outer anulus with little to no bridging in the inner layer of ovine IVDs. Perhaps similar structures are evident in the human IVD providing greater resistance to delamination in the outer AF. Further, increased toughness (or failure energy) has also been observed in the outer AF in tissue samples that ultimately failed via slipping, or delamination, of layers relative to each other [36] , which also supports the findings of the currently study. Given the finding of greater resistance to delamination in the superficial region, it is reasonable to conclude that the deep region of the AF will likely delaminate prior to the superficial region when exposed to similar loading and deformation patterns. However, similar loading and deformation across the AF is unlikely in vivo. Rather, the outer layers of the AF are more likely to be exposed to greater deformation due to their greater distance from the center of the rotation of the disc which is generally within the nucleus [37] . It is therefore probable that the higher peel strength, and therefore resistance to delamination, in the outer layers is because these layers are exposed to greater deformation during spine loading.
When the IVD is under compression, the NP pressurizes, which deforms the AF (generally bulging outward). This deformation results in both shear and tensile strain of the layers of the AF as well as the inter-lamellar matrix. Specifically, the matrix is subject to shear strain when the layers attempt to slide with respect to one another and tensile strain when these layers resist separation or delamination. The peel test used in this study aimed to mimic the tensile strain experienced by the inter-lamellar matrix when resisting delamination, which most closely resembles mode I fracture propagation (Fig. 1a) .
Previous studies have aimed to determine the mechanical properties of the inter-lamellar matrix. Most recently, Gregory and colleagues [38] examined the inter-lamellar matrix of porcine cervical discs via a novel lap test. In this configuration, the properties of the inter-lamellar matrix were ascertained. High shear stress at the ends of the bonded lamellae existed with a mean peak strength of 0.3 N/mm in this configuration. Fujita and colleagues [32] also examined the inter-lamellar matrix of 3 9 3 9 3 mm anular cubes from human IVDs. These authors applied shear to these cubes along the same plane as the lamellar layers. This configuration, however, was only capable of determining the mechanical shear properties of multiple anular layers rather than the isolated inter-lamellar matrix. The current study employed the peel test to isolate the inter-lamellar matrix for a number of reasons. First, the inter-lamellar matrix acts not only as a biological adhesive in the AF by keeping the layers bound to prevent migration of the nucleus during herniation, but by also allowing some movement between the layers during spinal motion and IVD loading. Second, a T-or 180-degree peel test was chosen as both adherents, the AF tabs, are considered flexible: a necessity for the T-peel test [19] . Third, when choosing an appropriate testing method, it is important to consider a test that mimics how the tissue is loaded and fails in vivo. In the case of the AF, delamination is frequently observed, especially in the case of degeneration [15, 16] .
It has been previously documented that herniation progression is not necessarily linear, but rather migrates circumferentially through the AF [39] , and that a certain degree of anular delamination must exist for herniation to progress [13] . It appears that migration of the NP propagates this delamination by placing localized stresses on the inter-lamellar matrix that act to further pry open the layers (similar to the mechanism of the T-peel test) and subsequently allow the NP to occupy the fissure that has formed between lamellae. For these reasons, the peel test, and specifically the T-peel test, was considered a representative mode of loading and failure of the inter-lamellar matrix, and thus appropriate for determining the mechanical properties of the matrix.
The study was limited by a number of factors. First, the human cadaveric tissue obtained for this study was freshfrozen. However, all lumbar spines were obtained at approximately the same time post-mortem and were all immediately frozen at -20°C until thawed for mechanical testing. Second, it is possible that slight deformation in the anular tabs occurred during the peel tests. However, tissues were dissected in a manner such that each tab consisted of a minimum of four lamellae to help make the tabs much stiffer than the inter-lamellar matrix and ensuring that deformation, and ultimately failure, occurred within the matrix. Video imaging of all tissue tests assisted in confirming this assumption.
Conclusion
The AF is a multi-layered structure at risk of delamination, especially as degeneration progresses, and is thought to precede IVD herniation progression. The adhesive layers between the lamellae resist this delamination. The current study observed lower peel strength, and thus lower resistance to delamination, in the deep layers of human AF as compared with the superficial layers. As a result, the deep layers of the AF may be at an increased risk of delamination and herniation progression. A complete understanding of the properties of the inter-lamellar matrix is important to understand the risk of injury to the IVD. Further, it is important to study how these properties change as a result of various exposures and IVD damage/degeneration to ascertain any additional risk of injury to the IVD.
